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(54) SiC WAFER, SiC SEMICONDUCTOR DEVICE AND PRODUCTION METHOD OF SIC WAFER 



(57) A SiC wafer comprises a 4H polytype SIC sub- 
strate 2 In which the crystal plane orientation is substan- 
tially {03-38}, and a buffer layer 4 composed of SiC 
formed over this SiC substrate 2. The {03-38} plane 
fomris an angle of approximately 35** with respect to the 
<0001> axial direction in which micropipes and so forth 
extend, so micropipes and so forth are eliminated at the 
crystal sides, and do not go through to an active layer 6 



on the buffer layer 4. Lattice mismatching between the 
SiC substrate 2 and the active layer 6 is suppressed by 
the buffer layer 4. Furthermore, anisotropy in the elec- 
tron mobility is low because a 4H polytype is used. 
Therefore, it is possible to obtain a SiC wafer and a SiC 
semiconductor device with which there is little anisotro- 
py in the electron mobility, and strain caused by lattice 
mismatching can be lessened, as well as a method for 
manufacturing these. 
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Description 

Technical Field 

[0001] This invention relates to a SiC wafer suited to 
semiconductor electronic parts, to a SIC semiconductor 
device equipped with tills SiC wafer, and to a method 
for manufacturing a SIC wafer. 

Background Art 

[0002] Recent years have witnessed a great deal of 
research Into compound semiconductors made from 
light elements, such as silicon carbide (SiC) and gallium 
nitride (GaN). Because they are made from light ele- 
ments, such compound semiconductors have high 
bonding energy, and as a result they are characterized 
by a large energy forbidden band width (band gap), di- 
electric breakdown field, and thermal conductivity. 
Thanks to this wide band gap, these compound semi- 
conductors are drawing attention as materials for power 
devices of high efficiency and high voltage resistance, 
high frequency power devices, devices with high oper- 
ating temperatures, and devices that emit blue to ultra- 
violet light. IHowever, because of their high bonding en- 
ergy, these compounds do not melt even at high tem- 
perature at atmospheric pressure, making it difficult to 
grow bulk crystals by recrystalllzation of a melt, which 
Is used with other semiconductors such as silicon (Si). 
[0003] For instance, using SIC as a semiconductor 
material requires that high-quality single crystals of a 
certain size be obtained. Consequently, pieces of SiC 
single crystals used to be obtained by a method that 
makes use of a chemical reaction, called the Atchison 
process, or a method that makes use of sublimation re- 
crystaliization, called the Rayleigh process. 
[0004] Today, single crystals of silicon carbide pro- 
duced by these methods are used for substrates, over 
which SiC ingots are grown by a modified Rayleigh proc- 
ess involving sublimation recrystalllzation, and these 
SiC Ingots are then sliced and mirror polished to manu- 
facture a SiC substrate. On this substrate are grown SiC 
single crystals of the targeted scale by vapor phase epi- 
taxial growth or liquid phase epitaxial growth, thereby 
fonning an active layer of controlled film thickness and 
impurity density, and this product is used to produce SiC 
semiconductor devices such as pn junction diodes, 
Schottky diodes, and various types of transistors. 
[0005] Nevertheless, of the above methods, the 
Atchison process involves heating a mixture of quartz 
and coke in an electric furnace, and precipitating crys- 
tals by spontaneous nucleatlon, so the impurity content 
Is high, and it is difficult to control the crystaltographic 
plane and shape of the resulting crystals. The Rayleigh 
process also involves growing crystals by spontaneous 
nucleation, which again makes it difficult to control the 
crystallographic plane and shape of the crystals. 
[0006] With the modified Rayleigh process, such as 



with the invention disclosed in Japanese Patent Publi- 
cation S59>48792, a large SiC Ingot is obtained in the 
form of a single crystal polymorph. However, this ingot 
usually contains large defects called micropipes (small 

5 holes that go through in the <0001> axial direction). In 
a density of about 1 to 50 cm'^. There are also screw 
dislocations having a Burger's vector in the c axial di- 
rection in a density of about 1 0^ to 1 0* cm"^. 
[0007] A substrate having a SiC {0001} plane, or pro- 

10 vided with an off angle of 3 to 8 degrees from this plane, 
Is usually used for epitaxial growth. It is known that most 
of the micropipe defects or screw dislocations present 
in a substrate pass through to the SIC epitaxial growth 
layer, and that the device characteristics will be mark- 

15 edly inferior if a SiC device produced using an epitaxial 
growth layer contains micropipe defects. Micropipe de- 
fects are therefore the greatest obstacle to manufactur- 
ing a large capacity (large current and high voltage re- 
sistance) SIC semiconductor device at a high yield. 

20 [0008] When homoepitaxial growth of SiC is per- 
formed using an ordinary SiC substrate having a SiC 
{0001} plane, or having an off angle of several degrees 
from this plane, atomic step bunching tends to occur on 
the crystal surface. If the extent of this step bunching Is 

25 large, there is an increase in the surface roughness of 
the SiC epitaxial growth layer, and the flatness suffers 
at the metal-oxide-semiconductor (MOS) interface, so 
there is a decrease in the inversion layer channel mo- 
bility of an MOS field effect transistor (MOSFET). Flat- 

30 ness also suffers at a pn Junction or Schottky banrier in- 
terface, field bunching occurs at the Junction interface, 
and this leads to problems such as decrease voltage 
resistance and increased leakage current. 
[0009] There are numerous crystal polymorphs of 

35 SiC. Of these, the 4H polytype (4H-SiC) has high mo- 
bility, and its donor and acceptor ionization energy Is 
low, which means that this might be an ideal SiC poly- 
type for the production of SiC semiconductor devices. 
Nevertheless; when an inversion type of MOSFET is 

40 fabricated using an epitaxial growth layer over a sub- 
strate having a 4H-SiC {0001} plane, or provided with 
an off angle of 3 to 8 degrees from this plane, the chan- 
nel mobility Is extremely low, about 1 to 20 cm^/Vs, and 
this precludes obtaining a high performance transistor. 

45 [0010] In an effort to solve these problems, Japanese 
Patent Publication 2.804,860 discloses perfonning 
growth by the modified Rayleigh process using seed 
crystals having a plane other than the (0001) of SiC, 
such as a (1 -1 00) plane, so as to obtain a SiC Ingot with 

50 fewer micropipes. When epitaxial growth is performed 
over a SiC (1-1 00) plane, however, this tends to result 
in stacking faults, which are planar defects that occur 
during growth, making it difficult to obtain SiC single 
crystals that are high enough In quality for the production 

55 of semiconductor devices. 

[0011] In addition to the use of a SiC (1-100) sub- 
strate, research has also been conducted in recent 
years into producing SIC wafers using a 6H polytype SIC 
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(11-20) substrate. When this 6H poiytype SiC (11-20) 
substrate is used, micropipes and screw dislocations 
extending in the <0001 > axial direction do not reach the 
epitaxial layer on the substrate, which affords a reduc- 
tion in micropipe defects within this epitaxial layer. 

Disclosure of the Invention 

[0012] However, the following problems have been 
encountered with SiC wafers produced using the above- 
mentioned 6H poiytype SiC (11-20) substrate. When a 
SiC epitaxial layer is grown over a conventional SiC 
(11-20) substrate, strain develops at the interface be- 
tween the SiC epitaxial growth layer and the SiC sub- 
strate due to lattice mismatching attributable to the dif- 
ference in impurity densities. This strain adversely af- 
fects the crystallinlty of the epitaxial growth layer, and 
hampers efforts to produce a high-quality SIC epitaxial 
growth layer. 

[001 3] Furthermore, the anisotropy of electron mobil- 
ity becomes a problem when a device is fabricated using 
a 6H pdlytype~SiC'('1~1-2"0)"sulDstrate. Specif icailly'anTohg 
the 6H-SiC crystals, the electron mobility in the <0001 > 
axial direction is only about 20 to 30% of the mobility in 
the <1-100> and <11-20> directions. Accordingly, ani- 
sotropy is three to five times greater for the in-plane 
electrical conduction of a growth layer on a 6H-SiC 
(11-20) plane. Still another problem is that the stacking 
faults tend to be exposed on the surface in the case of 
the (1-100) plane or (11-20) plane. 
[0014] The present invention was conceived In light 
of this situation, and it is an object thereof to provide a 
SIC wafer with which there is less anisotropy in electron 
mobility when used as a semiconductor device, and less 
strain is caused by lattice mismatching between the SiC 
substrate and the SiC epitaxial growth layer, as well as 
a semiconductor device provided with this wafer, and a 
method for manufacturing a SiC wafer. 
[0015] In order to achieve the stated object, the SiC 
wafer according to the present invention Is character- 
ized in that it comprises a 4H poiytype SiC substrate in 
which the crystal plane orientation is substantially 
{03-38}; and a buffer layer composed of SIC formed over 
the SiC substrate. 

[0016] Also, the method for manufacturing a SIC wa- 
fer according to the present invention is characterized 
in that a buffer layer composed of SiC is grown over a 
4H poiytype SiC substrate in which the crystal plane ori- 
entation is substantially {03-38}. 
[0017] With the above-mentioned SiC wafer and the 
method for manufacturing this wafer, the SiC substrate 
in which the crystal plane orientation is substantially 
{03-38} is used. Here, this {03-38} plane is inclined 
about 35** to the <0001 > axial direction in which the mi- 
cropipes and screw dislocations extend. Therefore, 
even if a SiC active layer is epitaxially grown over this 
SiC wafer, the micropipes and screw dislocations reach 
the sides and are eliminated as a result of the inclination, 



and this suppresses the number of micropipes and 
screw dislocations that pass through to the other side, 
as well as the number that are exposed on the surface. 
[0018] Also, the occurrence of stacking faults can be 

5 greatly suppressed when an epitaxial growth layer is 
produced over the SiC {03-38} plane. These stacking 
faults occur In a planar direction that is perpendicular to 
the <0001> axial direction, but the {03-38} plane is. in- 
clined by about 55° to the plane in which these stacking 

10 faults occur. Therefore, fewer of the stacking faults that 
occur with this SiC wafer will be exposed on the surface 
of the wafer, just as above. 

[0019] Because a 4H poiytype substrate is used,, 
which has less anisotropy of electron mobility than a 6H 

^5 poiytype SiC substrate, there is a reduction in the ani- 
sotropy of electron mobility in the active layer grown 
over the SIC wafer. Furthemiore, since a buffer layer 
composed of SIC is fomned over a SiC substrate, when 
a SiC active layer is grown over the SiC wafer of the 

20 present invention, strain due to lattice mismatching be- 
tween the SiC substrate and the SiC active layer can be 
preveritedTrom occu rririgfirfthis'SiC active layer. 
[0020] Thus, with a SiC wafer structured as above, 
that makes use of a 4H poiytype SiC substrate with a 

25 crystal plane orientation of substantially {03-38}, and 
with the method for manufacturing this wafer, the resuit 
is a SiC wafer with which there is less anisotropy in elec- 
tron mobility, and less strain is caused by lattice mis- 
matching between the SiC substrate and the SiC epi- 

30 taxial growth layer. A SiC semiconductor device 
equipped with a SiC wafer such as this will be of high 
quality. 

[0021] The plane used for the SiC substrate is not lim- 
ited to the {03-38} plane, and thesame effect of reducing 

3s the number of micropipes and screw dislocations that 
pass through to the other side, suppressing stacking 
faults, and so forth can also be achieved if the plane is 
inclined to the {03-38} plane by a specific off angle a. 
Favorable epitaxial crystals can be obtained if this off 

40 angle a is within a range of about 10". It is preferable 
for this off angle a to be no more than 5°. An off angle 
a of 3° or less is better yet. 

Brief Description of tlie Drawings 

45 

[0022] 

Fig. 1 is a side view illustrating the structure in an 
embodiment of a SiC wafer; 
so Fig. 2 is a diagram illustrating the {03-38} plane of 

4H-SiC; 

Fig. 3 is a schematic diagram illustrating micropipes 
and screw dislocations in a SiC substrate; 
Figs. 4A to 4C are graphs of the surface state of a 
ss SiC active layer grown over various SiC substrates; 

Fig. 5 is a graph of the relationship between the 
thickness of the buffer layer and the FWHM of an 
X-ray locking curve; 
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5 

Fig. 6 is a side view illustrating the structure of a SiC 
Schottky diode; 

Fig. 7 is a graph of the current-voltage characteris- 
tics of a Schottky diode produced using a SiC active 
layer grown on a 4H-SiC (0-33-8) substrate; 
Fig. 8 is a graph of the relationship between voltage 
resistance and electrode surface area of a 4H-SiC 
Schottky diode; 

Fig. 9 is a side view Illustrating the structure of a 
MOSFET; 

Fig. 10 Is a graph of the current-voltage character- 
istics of a MOSFET produced using a SiC active lay- 
er grown on a 4H-SiC (03-38) substrate; and 
Fig. 11 is a table of the channel mobility of a MOS- 
FET produced using a plurality of SiC substrates. 

Best Modes for Carrying Out the Invention 

[0023] Favorable ennbodiments of the SiC wafer, SiC 
semiconductor device, and SiC wafer manufacturing 
method pertaining to the present invention will now be 
described in detail through reference to the appended 
drawings. Similar elements are labeled the same, and 
will not be described redundantly. 
[0024] The lattice direction and lattice plane of crys- 
tals will sometimes be mentioned In the description of 
embodiments and examples, so the notation used for 
lattice direction and lattice plane will be described here. 
A single direction is indicated by [ ], a class of directions 
by <>, a single plane by ( ). and a family of planes by 
{ }. Negative indexes are indicated by putting a bar ("-") 
over a number in crystallography, but for the sake of sim- 
plicity in producing this Specification, a negative sign will 
be placed before a number herein. 
[0025] Fig. 1 is a side view Illustrating the structure In 
an embodiment of a SiC wafer 1 pertaining to the 
present invention. The SiC wafer 1 comprises a 4H-SiC 
{03-38} substrate 2 that is a 4H polytype (the H stands 
for hexagonal, and the 4 indicates a crystal structure in 
which four atomic layers make up one period), a buffer 
layer 4 composed of SiC and formed over this 4H-SiC 
{03-38} substrate 2, and an active layer 6 composed of 
SiC used for device production and formed over this 
buffer layer 4. The conductivity type of the layers 2 to 6 
may be such that all three are n-type, or they may all be 
p-type. The conductivity may also vary from layer to lay- 
er depending on the device structure to be produced. 
[0026] The {03-38} plane of a 4H-SIC single crystal 
will now be described through reference to Fig. 2. As 
shown In the drawing, the {03-38} plane is inclined by 
about 55" (54.74°) to the {0001} plane, and therefore is 
inclined by about 35" (35.26") to the <0001 > axial direc- 
tion. 

[0027] The 4H-SiC {03-38} plane is polar, as shown 
in Fig. 2, and there is a (03-38) plane nearthe (0001) Si 
plane side, and a (0-33-8) plane near the (000-1) C 
plane side. The substrate plane may be either the 
(03-38) plane or the (0-33-8) plane. Care must betaken. 



though, because the preferred growth conditions will 
vary somewhat with the crystal plane orientation. 
[0028] The crystal plane orientation of the 4H-SiC 
{03-38} substrate 2 may be Inclined somewhat from the 

5 {03-38} plane. Specifically, the same effect as with the 
{03-38} plane described below can be obtained by using 
a plane that is inclined to the {03-38} plane by a specific 
off angle a. A favorable SiC substrate 2 can be obtained 
by keeping this off angle a within a range of about 10" 

10 or less. It is preferable for this off angle a to be 5" or 
less, and 3" or less Is better still. 
[0029] Next, the method for manufacturing the SiC 
wafer 1 in this embodiment will be described. The 
4H-SiC {03-38} substrate 2 is produced, for instance, by 

15 growing an Ingot by modified Rayleigh process on the 
4H-SiC (000-1) plane, slicing this Ingot so that it has an 
angle of 35" in the <1 -1 00> direction with respect to the 
growth direction, and then mirror polishing the slice. Al- 
ternatively, a 4H-SiC {03-38} ingot may be grown by 

20 modified Rayleigh process using 4H-SiC {03-38} crys- 
tals produced as above as seed crystals, and then slic- 
ing this ingot perpendicular to the growth direction. 
[0030] Here, the thickness of the 4H-SiC {03-38} sub- 
strate 2 should be within a range of approximately 150 

25 to approximately 400 p,m. The effective donor den- 
sity or the effective acceptor density should be within a 
range of approximately 5 x lO'^^cm-^to approximately 
5 X 10i9cm-3. 

[0031] The 4H-SiC {03-38} substrate 2 is then given 

30 a mirror finish, after whrch the buffer layer 4 and the ac- 
tive layer 6 are grown epitaxially by chemical vapor dep- 
osition (CVD), which affords excellent surface flatness 
in the grown layers and excellent control of film thick- 
ness and impurity doping. More specifically, first the 

35 4H-SiC {03-38} substrate 2 is washed with an organic 
solvent, aqua regia, hydrofluoric acid, or the like, then 
rinsed with deionized water, placed on a graphite sus- 
ceptor covered with a SiC film, and set In a CVD growth 
apparatus. This CVD growth is conducted in a nomrial- 

40 pressure horizontal CVD apparatus in which hydrogen 
(Hg) is used as the carrier gas, and the heating of the 
susceptor is accomplished by highfrequency inductive 
heating. After the 4H-SIC {03-38} substrate 2 Is placed 
in a reaction furnace, gas replacement and high-vacu- 

45 um evacuation are repeated a number of times, and the 
Hg carrier gas is Introduced and the CVD growth pro- 
gram commenced. 

[0032] First, vapor phase etching is perfonned with 
HCI/H2 gas at approximately 1300"C, after which the 

50 temperature of the 4H-SiC {03-38} substrate 2 is raised 
to about 1500"C, the raw material gas (silane (SiH4), 
propane (CgHg), or the like) is introduced, and the 
growth of the buffer layer 4 and active layer 6 is com- 
menced. With CVD growth, the n-type SiC buffer layer 

55 4 with an effective donor density of approximately 10^® 
cm-3 to approximately 1 0""® cm-3 is grown in a thickness 
of approximately 0.1 iim to approximately 15 pm, after 
which the n-type active layer 6 with an effective donor 
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density of approximately 10^^ cm'^ to approximately 
1 cm'^ is grown in a thickness of approximately 5 p.m 
to approximately 80 \im. Adding nitrogen gas during 
growth will control the n-type conductivity. The same ap- 
plies for forming a p-type growth layer, in which case 
trimethylaluminum (AI(CH3)3) or diborane (B2H6) is add- 
ed as an impurity raw material. 
[0033] The thickness of the buffer layer 4 should be 
at least 0.1 yvm and no more than 15 jim, with at least 
0.3 fim and no more than 15 jim being particularly favo- 
rable. It is preferable for the impurity contained in the 
buffer layer 4 to be selected from among nitrogen, phos- 
phorus, aluminum, and boron. The impurity density in 
the buffer layer 4 is preferably lower than the impurity 
density in the SiC substrate 2, and preferably decreases 
gradually from the interface with the SiC substrate 2 to- 
ward the Interface with the active layer 6. 
[0034] Next, the effect of the SiC wafer 1 In this em- 
bodiment will be described through reference to Fig. 3. 
Usually, micropipes or screw dislocations are present in 
a SiC substrate, and these micropipes, etc., extend in 
the <OWlVlixiardlnBction offhe SlC^siJbs^^ 
3, the one-dot chain lines indicate micropipes 8 in the 
SiC substrate 2, while the dashed lines indicate screw 
dislocations 1 0. 

[0035] In contrast, a SiC substrate 2 with a crystal 
plane orientation of {03-38} Is used with the SiC wafer 
1 in this embodiment. This {03-38} plane is inclined 
about 35** to the <0001 > axial direction in which the mi- 
cropipes 8 and screw dislocations 1 0 extend. Therefore, 
when a growth layer is produced on this 4H-SiC {03-38} 
substrate 2, these micropipes 8 and screw dislocations 
10 extend at an angle and are eliminated at the crystal 
side planes without reaching the growth layer, which 
keeps them from passing through to the active layer 6 
and thereby being exposed on the surface. Accordingly, 
there are fewer defects in the active layer 6, and its flat- 
ness is better. 

[0036] Also, the occurrence of stacking faults can be 
greatly curtailed when an epitaxial growth layer is pro- 
duced on the 4H-SiC {03-38} substrate 2. Furthermore, 
these stacking faults occur in a planar direction that is 
perpendicular to the <0001> axial direction, but the 
{03-38} plane is inclined by about 55" to the plane in 
which these stacking faults occur, so fewer of the stack- 
ing faults that occur will be exposed on the surface, just 
as above. 

[0037] This embodiment makes use of a 4H polytype, 
which has less anisotropy of electron mobility than a 6H 
polytype SiC substrate or the like, so there is a reduction 
in the anisotropy of electron mobility in the active layer 
6 grown on the SiC wafer 1 . The admixture of other pol- 
ytypes is also completely prevented. Furthermore, since 
the buffer layer 4 composed of SiC is formed over the 
SIC substrate 2, strain due to lattice mismatching be- 
tween the SiC substrate 2 and the SiC active layer 6 can 
be prevented from occurring in this SiC active layer 6. 
[0038] The diligent research of the inventors has also 
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revealed that if the thickness of the buffer layer 4 is at 
least 0.1 [im. and especially if it is at least 0.3 ^m. strain 
caused by lattice mismatching can be effectively re- 
duced, affording better crystalllnity of the active layer 6. 
5 Meanwhile, keeping the thickness of the buffer layer 4 
is kept to 15 |im or less will reduce the growth time and 
cost. 

[0039] It is preferable for the density of impurities con- 
tained in the buffer layer 4 to be at least 2x1 O^^ ^^-3 

10 but no more than 3 x 10^^ cm'^. The reason for setting 
the density of impurities contained in the buffer layer 4 
to this range is that if the impurity density is less than 2 
X 10''5 cm"3, there will be only minimal reduction in 
strain caused by lattice mismatching, but if the density 

^5 is more than 3 x lO^^cm'^, this high concentration dop- 
ing will adversely affect the crystalllnity of the buffer lay- 
er 4 Itself. 

[0040] Various SIC semiconductor devices can be 
manufactured using the SiC wafer 1 of this embodiment. 

20 For instance, such a SiC semiconductor device can be 
configured so that the surface has a Schottky barrier of 
metal/SiC, o"r has" a pn junction" f bm1ed~by epitiaxiar 
growth or ion implantation. The device may also be an 
MOS type having an oxide film formed by thermal oxi- 

25 dation or chemical vapor deposition as a gate insulation 
film, or may have an oxide film formed by thermal oxi- 
dation or chemical vapor deposition as part of a surface 
protection film. 

[0041] As discussed above, the SiC wafer 1 has very 

30 little anisotropy of electron mobility, and almost no strain 
is caused by lattice mismatching between the SIC sub- 
strate 2 and the active layer 6, so this semiconductor 
device offers very high performance. 
[0042] More specifically, the surface flatness of the 

35 active layer 6 is particulariy good, so there is a marked 
reduction in field concentration at a pn junction fomried 
by epitaxial growth or a Schottky barrier interface 
formed on the epitaxial growth surface, which makes it 
easier to increase the voltage resistance of the device. 

40 Moreover, there are fewer atomic bonds per unit of sur- 
face area in SIC {03-38} plane than in the SiC {0001} 
plane, so there is a reduction in the interface level at an 
oxide fUm/SiC MOS interface, which allows a higher 
quality MOS interface to be produced, and affords a 

45 higher performance MOS transistor. 

[0043] In addition to those listed above, the 4H-SiC 
{03-38} plane also has various, other advantages in 
terms of its characteristics and method of manufacture. 
[0044] nrst of all. crystals in which the 4H-SiC {03-38} 

50 plane is used recover their crystallinrty more easily 
through heat treatment (annealing). 
[0045] When semiconductor single crystals undergo 
ion implantation, they usually suffer some implantation 
damage, so heat treatment (annealing) must be per- 

55 formed to restore the damaged crystalllnity. In the case 
of SIC, this annealing is performed at a high temperature 
of 1500 to 1700*^0 in order to sufficiently raise the elec- 
trical activation of the ion-imptanted impurities. 
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[0046] If a completely amorphous region is formed by 
Ion implantation in the SiC. crystallinity cannot be ade- 
quately restored even if high temperature annealing Is 
performed. Consequently, when the implantation dose 
is large and the implantation energy is high, high tem- 
perature implantation is performed in which the sample 
is heated during the ion Implantation. However, high 
temperature annealing after ion implantation, and high 
temperature implantation, both impose various limita- 
tions on the production of the device. They also drive up 
the manufacturing cost. 

[0047] These problems with high temperature anneal- 
ing and high temperature Implantation are particularly 
pronounced when the SiC {0001 } plane or a plane close 
to this is used. In contrast, using the above-mentioned 
4H-SiC {03-38} plane makes It possible to solve the 
above-mentioned problems encountered with SIC. 
[0048] For instance, when samples of the 4H-SiC 
{0001 } plane and the 4H-SiC {03-38} plane are both an- 
nealed following ion implantation under the same con- 
ditions, sufficient electrical activation can be achieved 
with the sample of the 4H-SiC {03-38} plane by anneal- 
ing at a temperature that is 200 to 400^C lower than with 
the sample of the {0001} plane. It has also been found 
that even if a completely amorphous region Is formed 
by Ion implantation because of the large implantation 
dose or for another such reason, with the sample of the 
4H-SiC {03-38} plane, recrystallization will proceed 
smoothly and a recovery to good quality 4H-SIC {03-38} 
single crystals will be achieved by annealing at 1000 to 
ISOO'^C. 

[0049] The above-mentioned problems with ion im- 
plantation and annealing are believed to lower the re- 
crystallization efficiency because when the SiC {0001} 
plane is used, the nucleation of cubic 3G-SiC that is sta- 
ble at low temperBtures occurs in the course of recrys- 
tallization, and stacking faults tend to occur. In contrast, 
when the 4H-SiC {03-38} plane is used, there is virtually 
no possibility of 3C-SiC nucleation or the like, and good 
recrystallization can therefore be attained even at a rel- 
atively low temperature. . 

[0050] Also, crystals in which the 4H-SiC {03-38} 
plane is used have superior cleavability. 
[0051] 4H-SiC {03-38} crystals readily cleave In the 
<0001> and <03-316> directions, which are perpendic- 
ular to each other. Therefore, after various device struc- 
tures have been produced, dividing them up into square, 
rectangular, or other such shapes is extremely easy. 
This is in sharp contrasts to SiC {0001} crystals which 
are fairiy difficult to cleave, and which tend to become 
triangular when cleaved. 

[0052] Crystals in which the 4H-SiC {03-38} plane is 
used have the following characteristics with respect to 
impurity doping. 

[0053] Growth experiments were conducted by CVD, 
which revealed that the efficiency at which an impurity 
is incorporated depends on the crystal plane orientation 
of the substrate. In specific terms, the incorporation ef- 
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ficiency of nitrogen is in the following order. 

(000-1) > (0-33-8) > (03-38) > (0001) 

5 

[0054] The incorporation efficiency of aluminum and 
boron is In the following order. 

(0001 ) > (03-38) > (0-33-8) > (000-1 ) 

[0055] It was found from the above results that the 
(0001) Si plane most readily becomes p-type, and the 
(000-1) C plane most readily becomes n-type. In con- 

15 trast, with the (03-38) plane and (0-33-8) plane, the im- 
purity incorporation efficiency is located in between 
these. Therefore, with the (03-38) plane and (0-33-8) 
plane, devices can be produced while maintaining good 
control over n-type and p-type conductivity. More to the 

20 point, by varying the conditions, such as the amount of 
impurity raw material added, the raw material gas flow 
ratio (such as the C/SI ratio), and the growth tempera- 
ture, it is possible to easily perform valence electron 
control over a wide range of about 1 x 1 0"""* cm"^ to 5 x 

25 1 o""® cm-3 for both n- and p-types. 

[0056] Examples will now be given for the above em- 
bodiment, but the present invention is not limited to or 
by the examples given below. 

30 [Example 1] 

[0057] Example 1 will be described through reference 
to Fig. 1 . In this example, an n-type active layer 6 was 
grown by chemical vapor deposition (CVD) over an n- 

35 type 4H-SIC {03-38} substrate 2 in order to examine how 
many micropipes and screw dislocations pass from the 
SiC substrate to the SiC active layer, and the flatness of 
the surface of the active layer 6. For the 4H-SIC {03-38} 
substrate 2, the active layer 6 was grown on both a 

40 4H-SiC (03-38) substrate and a 4H-SiC (0-33-8) sub- 
strate. For the sake of comparison, the active layer was 
at the same time grown on substrates in which the pla- 
nar direction was the 4H-SIC (1 -1 00) plane and a plane 
8 degrees off the (0001) plane (<11-20> direction), and 

^5 these products were evaluated. 

[0058] The4H-SiC (03-38), (0-33-8), and (1-1 00) sub- 
strates were produced by growing an ingot by modified 
Rayleigh process on a 4H-SiC (000-1 ) substrate, slicing 
this ingot at angles of 55°, 55**, and BO** In the <1-100> 

so direction with respect to the growth direction, and mirror 
polishing the slices. The substrates were all n-type, the 
effective donor density determined from the capacity- 
voltage characteristics of a Schottky bam'er was 1 x 
1018 cm-3 to 3 X cm-3, and the thickness was ap- 

55 proximately 380 p.m. 

[0059] These substrates were etched with molten po- 
tassium hydroxide (KOH) for 10 minutes at 500°C, and 
as a result It was found that defects were present In a 
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micropipe density of about 10 cm"2 to 100 cm*2 and a 
screw dislocation density of about 5 x 1 0^ cnrr^ to 2 x 
10^ cm-2. The (03-38). (0-33-8), and (1-100) planes 
were subjected to Inclined polishing to bring out a plane 
about 10 degrees inclined from the (0001) plane, this 
plane was etched and then examined, and the defect 
density was estimated. 

[0080] The substrate that had undergone KOH etch- 
ing were then re-polished to a mirror finish, and CVD 
growth was performed. These substrates were washed 
with an organic solvent, aqua regia, and hydrofluoric ac- 
id, then rinsed with delonized water, placed on a graph- 
ite susceptor covered with a SIC film, and set in a CVD 
growth apparatus. Gas replacement and high-vacuum 
evacuation were repeated a number of times, and the 
H2 carrier gas was introduced and the CVD growth pro- 
gram commenced. 

[0061] First, vapor phase etching was performed with 
HCI/H2 gas at 1 300*'C, after which the temperature was 
raised to 1500'C, the raw material gas (silane (8184), 
propane (C3H8), or the like) was introduced, and growth 
was^ommencedrWith CVD~gr6wth, an Tvtype SlC buff- 
er layer with an effective donor density of 3 x 1 ©""^ cm-^ 
to 4 X 10''7 cm"3 was grown in a thickness of 2.6 ixm, 
after which an n-type active layer with an effective donor 
density of 1 x 1 0^^ cm"^ to 2 x 1 0^^ cm^^ was grown In 
a thickness of 12 |xm. 

[0062] The n-type conductivity was controlled by add- 
ing nitrogen gas during the growth. The main growth 
conditions here are given below. Since the impurity In- 
corporation efficiency Is generally different between the 
(0001) plane and the (03-38) plane and (0-33-8) plane, 
the doping gas flux should be adjusted by means of the 
crystal plane orientation of the substrate. 

Buffer layer: 

SiH4 flux: 0.30 seem 

C3H8 flux: 0.20 seem 

Ng flux: 1 X 1 0-2 to 6 X 1 0-2 seem 

H2 flux: 3.0 sIm 

substrate temperature: ISOO'C 
growth time: 60 minutes 

Active layer 

SiH4 flux: 0.50 seem 

C3H8 flux: 0,50 seem 

N2 flux: 3 X 1 0-^ to 2 X 1 0-2 seem 

H2 flux: 3.0 sIm 

substrate temperature: 1 500° C 
growth time: 180 minutes 

[0063] The surface of the epitaxially grown active lay- 
er 6 was observed under a differential interference op- 
tical microscope, which revealed that a mirror surface 
had been obtained on the 4H (03-38), (0-33-8), and 
(0001) 8-degree off substrates, but bumpy streaks or 
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grooves running partially in the <11-20> direction were 
seen on the 4H (1 -100) substrate. These streak defects 
on the 4H (1-100) substrate were also observed in the 
growth layer on the 6H (1-100) plane. The occurrence 

5 of these streak defects was reduced somewhat when 
CVD growth was perfomned under growth conditions of 
low supersaturating (such as a low raw materialfgas 
flux), or by optimizing the surface treatment of the sub- 
strate prior to growth, but could not be eliminated com- 

10 pletely. 

[0064] The active layer surface of a substrate meas- 
uring 15 X 20 mm was also observed and the density 
of surface defects (not necessarily the same as.disloca- 
tlons and other such structural defects) was estimated, 

^5 which was found to be 4 x 1 02 cm-2 with the 4H (03-38) 
substrate, 3 x 1 02 cm-2 with the 4H (0-33-8) substrate, 
8 X 103 cm-2 with the (1-100) substrate, and 2 x 10^ 
cm-2 with the (0001 ) 8-degrees off substrate, so the ac- 
tive layer was best on the 4H {03-38} substrate. 

20 [0065] Figs. 4A to 4C are graphs of the suriace shape 
profiles obtained by atomic force microscope (AFM) ob- 
servation with Fig."4A^howin g the^urface shape of the 
active layer on a 4H-SiC (0-33-8) substrate, Fig. 4B on 
a 4H-SIC (1-100) substrate, and Fig. 4C on a 4H-SiC 

25 (0001 ) 8-degrees off substrate. 

[0066] Of these, the surface of the active layer formed 
on the (1 -1 00) substrate was jaggedly bumpy, as shown 
in Fig. 4B, even if an area without the above-mentioned 
deep grooves (about 1 00 to 300 nm deep) was selected. 

30 Also, Fig. 4C shows that step-like bumps originating in 
atomic step bunching were present on the surface of the 
active layer formed on the (0001) 8-degrees off sub- 
strate. 

[0067] In contrast, with the active layer formed on the 
35 4H (0-33-8) substrate, as shown in Fig. 4A, no grooves, 
hillocks, steps, or the like were seen at all, and a surface 
with extremely good flatness was obtained. Similariy, a 
surface with good flatness was obtained with the 4H 
(03-38) substrate as well. The mean square of surface 
40 roughness (Rms) when a 2 x 2 jim area was observed 
by AFM was 0.1 8 to 0.19 nm with the active layer fomried 
on a {03-38} substrate, 6.4 nm on the (1-1 00) substrate, 
and 0.24 nm on the (0001) 8-degrees off substrate, so 
the active layer fornied on the 4H (03-38) substrate was 
45 best. 

[0068] Next, the structural detects in the active layer 
6 were examined by etching the grown sample with mol- 
ten KOH. With the active layer on the (0001) 8-degrees 
off substrate, the micropipe density was 1 8 cm-2 the 

50 screw dislocation density was 8x10^ cm-2, which are 
substantially the same as the values for the substrate 
prior to growth, and the positions of the pits produced 
by etching also match up well with-those prior to growth. 
[0069] Numerous (1 x 1 0^ cm-2) polygonal pits were 

55 seen when the active layer on the (1-1 00) substrate was 
etched, and the streak defects that appeared on the sur- 
face of the active layer were even deeper These streak- 
like grooves extended in the <11-20> direction, and are 
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therefore thought to originate in stacicing faults. The 
number of these grooves deeply etched by molten KOH 
was 3 to 8 cm"'' with the (1-100) substrate prior 
to'growth, but increased to between 30 and 200 cm-"* 
after growth. It is therefore believed that CVD growth 
causes new stacking faults to occur when an active layer 
Is grown on a (1-100) substrate. 
[0070] In contrast, when the active layer grown on a 
{03-38} substrate was etched with molten KOH, the den- 
sity of polygonal pits reflecting dislocations was only 
about 2 X 1 0^ cm'2, and the stacking fault density was 
no more than 5 cm""*. Also, the micropipe density esti- 
mated by etching a plane of this sample that had been 
polished at an angle was less than 1 cm^^, and the screw 
dislocation density was less than 100 cm'^. 
[0071] Specifically, using a 4H-SiC {03-38} substrate 
greatly limits the number of microplpes and screw dis- 
locations that pass through from the substrate, and 
makes it possible to produce high-quality SIC epitaxial 
crystals with extremely few stacking faults. This is be- 
cause, as mentioned above, the microplpes and screw 
dislocations extend mainly in the <0001> direction of 
SiC crystals (see Fig. 3), so if we use a {03-38} plane 
(see Fig. 2), which is a crystal plane that forms angle of 
about SS"* to this direction, any microplpes or screw dis- 
locations present in a SiC substrate will extend at an 
angle and be eliminated at the crystal side planes, with- 
out making it all the way to the active layer above. The 
same effect is obtained by using a plane that is inclined 
to the {03-38} plane by an off angle a within a specific 
range, as mentioned above. 

[Example 2] 

[0072] In this example, In order to examine the effect 
that the buffer layer has on the active layer, an n-type 
4H-SiC buffer layer was formed in various thicknesses 
on an n-type 4H-SiC {03-38} substrate, after which a 
high-purity thick film epitaxial growth layer (the active 
layer) was formed, and the crystallinity thereof was eval- 
uated. The SiC substrate 2 used here was an n-type 
4H-SIC {03-38} substrate produced by slicing a 4H-SiC 
ingot grown on 4H-SiC {03-38} seed crystals by the 
modified Rayleigh process. The effective donor density 
detemrilned from the capacity-voltage characteristics of 
a Schottky barrier was 7 x 1 cm-^ to 8 x 1 0'^^ cm"^, 
and the thickness was approximately 340 ^.m. 
[0073] An n-type 4H-SiC buffer layer with a donor 
density of 4 x 1 0^^ cm*^ to 5 x 1 0''^ cm*^ was formed 
over this SiC substrate 2, after which a high-purity n- 
type 4H-SiC layer (donor density: 4 x IC^ cm'^) was 
grown in a thickness of approximately 24 ^m. The n- 
type conductivity was controlled by adding nitrogen gas 
during growth. SiC wafers in which the thickness of the 
buffer layer was varied between 0.1 and 22 |xm were 
produced, and for the sake of comparison, a SiC wafer 
in which a high-purity SiC active layer was grown directly 
on a substrate without a buffer layer being provided was 
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also produced. The same CVD apparatus as In Example 
1 was used for the CVD growth. 
[0074] First, vapor phase etching was performed with 
.HCI/H2 gas at 1 400''C, after which the temperature was 
^ raised to ISGO'^C, the raw material gas was introduced, 
and growth was commenced. The main growth condi- 
tions here are given below. 

Buffer layer; 

10 

SiH4flux: 0.30 seem 
C3H8 flux: 0.20 seem 
N2 flux: 9x10-2 seem 
H2 flux: 3.0 sIm 
15 substrate temperature: Iseo^'C 

growth time: 3 to 520 minutes 

Active layer: 

20 SiH4 flux: 0.50 seem 

C^Hq flux: 0.66 seem 
Ngfiux: 6x10-3 seem 
H2 flux: 3.0 sIm 

substrate temperature: 1560°C 
growth time: 360 minutes 

[0075] Fig. 5 is a graph that shows, with respect to the 
active -layer 6 of a SiC wafer of 4H-SiC (03-38) having 
buffer layers with various thicknesses, the buffer layer 

30 thickness dependence of the diffraction peak half-width 
(FWHM) determined from X-ray diffraction locking curve 
measurement. Five-crystal X-ray diffraction featuring 
Ge single crystal (400) diffraction was used for the X- 
ray diffraction, and the crystallinity of the sample was 

35 evaluated from the half-width value of the SiC {03-38} 
diffraction peak (29 = 41 .4 degrees). The half-width val- 
ue of the diffraction peak obtained by measuring a 
4H-SiC (03-88) substrate was approximately 22 to 28 
arcsee, and averaged 25 arcsec. This average value Is 

40 indicated by the dotted line in Fig. 5. 

[0076] With the SiC wafer active layer 6 in which a 
high-purity n-type SiC layer (24 ^m) was grown directly 
on a substrate without using a buffer layer, the half -width 
value of the X-ray locking curve was 28 arcsec, which 

45 is Inferior to that of the SIC substrate 2 (Indicated by the 
black square In Fig. 5). This situation is improved by in- 
troducing an n-type buffer layer. Specifically, when the 
buffer layer thickness is 0.1 fim, a half-width (26 arcsec) 
slightly worse than the half-width value of the substrate 

50 (25 arcsec) was obtained, but when the thickness of the 
buffer layer was at least 0.3 |xm, the half-width was 
smaller than that of the substrate, Indicating that crys- 
tallinity had been improved by epitaxial growth. 
[0077] In particular, when the thickness of the buffer 

55 layer was about 1 .2 ^tm or more, the half -width was fairly 
constant at 1 6 arcsec. When the dislocation density on 
the {03-38} plane was evaluated by molten KOH etch- 
ing, it was found to be 3 x 1 0^ cm-2 with the substrate. 
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3 X 10^ cnr^ with an active layer grown without a buffer 
layer, and from 1 x 10^ cnr^ to 4 x 10^ cnrr^ with an 
active layer provided with a buffer layer of at least 2 \im, 
which clearly demonstrates the effect of the buffer layer. 
[0078] The reason the buffer layer is so effective in 
the production of a high-quality SIC epitaxial growth lay- 
er Is believed to be that the buffer layer reduces the 
strain that originates In lattice mismatching present be- 
tween the SIC substrate doped with a high impurity con- 
centration and the high-purity SiC active layer doped on- 
ly to a low concentration. 

[0079] In general, with SIC crystals containing an Im- 
purity In a concentration of about IC^ cm"^ or higher, 
the lattice constant of the SiC crystals increases or de- 
creases according to the type of impurity used. Further- 
more, the proportional increase or decrease in the lattice 
constant Is greater on a {03-38} plane than on a {0001} 
plane. Therefore, when epitaxial growth is performed on 
a 4H-SiC {03-38} substrate, it is effective lo reduce the 
lattice strain originating in lattice mismatching by provid- 
ing a SiC buffer layer having an Impurity density midway 
between the impurity density valueslfoF the substrate 
and the active layer formed on this substrate for the pur- 
pose of producing a device. 

[0080] Usually, in the production of a vertical power 
device, a substrate that has been doped with an impurity 
(donor or acceptor) in a high concentration is used in 
order to lower the resistance of the substrate, so it is 
best to provide a SiC buffer layer that has been doped 
at an impurity density lower than that of this substrate, 
but higher than that of the active layer. Nitrogen (N) 
doped n-type SiC was used in the above example, but 
the buffer layer was found to have the same effect in 
experiments using phosphorus (P) doped n-type SiC 
and aluminum (Al) and boron (B) doped p-type SiC. 
[0081] As mentioned above, the density of the impu- 
rity contained in the buffer layer 4 is preferably at least 
2 X IQiScnT^andnomorethanS X IQiScm-^. but strain 
originating in lattice mismatching due to a difference in 
Impurity densities can be further suppressed by reduc- 
ing the impurity density in the buffer layer 4 from the in- 
terface with the SiC substrate 2 toward the interface with 
the SiC active layer 6. 

[Example 3] 

[0082] In this example, a high-voltage-resistance di- 
ode with the structure shown in the side view of Fig. 6 
was produced using SiC wafers made using a 4H-SiC 
{03-38} substrate and a (0001) 8-degrees off substrate. 
The SiC substrates 2 were produced by growing an in- 
got by modified Rayleigh process on 4H-SiC (000-1) 
seed crystals, slicing this ingot at an angle of 54.7^ to 
the growth direction, and then mirror polishing the slice. 
The substrates were both n-type, the effective donor 
density determined from the capacity-voltage character- 
istics of a Schottky barrier was 6 X 10"^^ cm"^ to 7 x 
1 018 cm-3. and the thickness was approximately 330 to 
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340 am. A nitrogen-doped n-type 4H-SiC layer was epi- 
taxially grown by CVD on these SiC substrates 2. 
[0083] Just as in Example 2, the buffer layer 4 was 
formed in a total thickness of approximately 1 .6 [im, by 

5 approximately 0.3 ^tm for each layer while the donor 
density was varied in steps from 3 x 10^® cm"^^to Itx 
10^® cm"^, after which a high-purity n-type 4H-SIC layer, 
the active layer 6, was formed. The donor density^of the 
active layer was 6 x 10^^ cm-^ and the thickness was 

10 16 ^m. 

[0084] The similar buffer layer and active layer were 
grown on the 4H-SiC (0001 ) 8-degrees off substrate to 
produce a SiC wafer. The main growth conditions here 
are given below. Since the nitrogen or other dopant im- 
15 purity incorporation efficiency depends on the SIC crys- 
tal plane orientation, when a device Is produced, the raw 
material gas flux and dopant raw material feed amount 
during CVD growth must be adjusted according to the 
crystal plane orientation being used. 

20 

Buffer layer: 



SiH4flux: 0.30 seem 
CgHp flux: 0.20 seem 
25 N2 flux: 2x10-3 to 0.5 seem 

H2 flux: 3.0 sIm 

substrate temperature: 1520®C ^ v 

growth time: 60 minutes 

30 Active layer: 

SiH^ flux: 0.50 seem 
C3H8 flux: 0.50 seem 
N2 flux: 1 X 10-3 to 4 X 10-3 seem 
55 H2 flux: 3.0 sIm 

substrate temperature: 1 520''C 
growth time: 240 minutes 

[0085] In addition, a Schottky electrode 12 and an 

40 ohmic electrode 14 were formed on each SiC wafer 
made using the 4H-SiC (0-33-8) substrate and (0001) 
8-degrees off substrate thus produced. The Schottky 
electrode 12 was formed on the top side of the active 
layer 6, while the ohmic electrode 1 4 was formed on the 

45 bottom side of the SiC substrate 2. Titanium (Tl: 1 80 nm) 
was used for the Schottky electrode 1 2, while nickel (Ni: 
200 nm) that had been heat treated for 20 minutes at 
1000°C was used for the ohmic electrode 14. The 
Schottky electrode 1 2 was circular, and its diameter was 

50 varied between 1 00 jxm and 3 mm. 

[0086] A high-resistance p-type region (guard ring) 1 6 
was formed by implanting boron (B) ions in order to re- 
duce field bunching at the end of the Schottky electrode 
12, which completed a Schottky diode. The boron Ions 

55 were implanted in four steps, comprising 1 20 keV, 80 
keV, 50 keV, and 30 keV, for a total dose of 3 x lO^^ 
cm-2. 

[0087] The width of the p-type region 16 where the 
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guard ring was formed was 1 00 jxm, and the width of the 
portion where this p-type region 16 overlapped the 
Schottky electrode 12 was 1 0 \Ln\, The ion Implantation 
was performed at room temperature, and the heat treat- 
ment (annealing) for implanted ion activation was con- 5 
ducted for 30 minutes at 1 550**C in an argon gas atmos- 
phere. Photolithography was used to pattern the elec- 
trode metal and the selective ion implantation mask. 
[0088] Fig. 7 is a graph of the typical current density- 
voltage characteristics of the Schottky diode produced io 
above. This diode was produced from an SIC wafer hav- 
ing a buffer layer provided over a 4H-SiC (0-33-8) sub- 
strate, and the electrode diameter was 500 ^m. With re- 
verse characteristics, a voltage resistance of 2200 V 
was attained, and the leak current when -1000 V was is 
applied was only 3 x 10*6 A/cm^. With fonvard charac- 
teristics, the ON voltage (voltage drop at a current den- 
sity of 1 00 A/cm2) was 1 .2 V, and the ON resistance was 
4 X lO'^ncm^, both of which are extremely good. Sim- 
ilar diode characteristics were obtained with the 4H-SiC 20 
(0001) 8-degrees off substrate when the diode has a 
small electrode surface area of 300 [im or less, but a 
large difference was seen between the two when the 
diode had a large electrode surface area. 
[0089] Fig. 8 is a graph of the electrode surface area 25 
dependence of the voltage resistance (average value) 
for a Schottky diode produced using SIC wafers in which 
the active layer was grown over two types of SiC sub- 
strate: a 4H-SiC (0-33-8) substrate and a 4H-SiC (0001 ) 
8-degrees off substrate. At least twelve diodes were so 
measured for each electrode surface area to find the av- 
erage voltage resistance. With a Schottky diode pro- 
duced using a layer grown on a 4H-SiC (0001) 8-de- 
grees off substrate, there was a sharp decrease in volt- 
age resistance when the electrode surface area exceed- 35 
ed 5 X 1 0-3 cm2 to 1 x 1 0-2 cm^ 

[0090] In-contrast, when an epitaxial growth layerwas 
produced by providing a buffer layer over the 4H-SiC 
(0-33-8) substrate, high voltage resistance was main- 
tained even at an electrode surface area of about 1 x 40 
10-2 cm2, and even at 7 x 1 0-2 cm2, voltage resistance 
of at least 1 700 V was obtained at a yield of at least 40%. 
If we compare not only voltage resistance, but also the 
average leak current density when -1000 V is applied 
using a diode with an electrode diameter of 500 jim, we 
see that this average was 8 x 1 0-^ A/cm2 with a diode 
produced on a 4H-SiC (0001) 8-degrees off substrate, 
whereas it was an extremely low 9 x 10-^ A/cm2 with a 
diode on the (0-33-8) plane. 

[0091] This is thought to be because the use of the so 
4H-SiC (0-33-8) plane reduces the number of micrppl- 
pes and screw dislocations that pass through from the 
SiC substrate to the active layer, and employing a buffer 
layer gives SIC cfystals of higher quality. Moreover, the 
use of the 4H-SiC (0-33-8) plane affords better flatness 55 
of the growth surface, and also has the effect of reducing 
field bunching at the Schottky electrode/SiC interface. 
[0092] • A Schottky diode of the same high perfomn- 



ance was obtained using the (03-38) plane. Although 
this example involved the production of a Schottky di- 
ode, the use of a 4H-SIC {03-38} substrate Is also effec- 
tive with a pin diode, a pnpn or npnp thyristor, or a pn 
junction diode formed by ion implantation or epitaxial 
growth. 

[Example 4] 

[0093] With this example, an n-channel reversed 
MOSFET 20 with the structure shown in the side view 
of Fig. 9 was produced using SiC wafers fomried made 
using a 4H-SiC {03-38} substrate and a (0001) 8-de- 
grees off substrate. The SiC substrates 2 comprised a 
4H-SiC (03-38) substrate, a 4H-SiC (0-33-8) substrate, 
and a 4H-SiC (0001) 8-degrees off substrate, produced 
by growing an Ingot by modified Rayleigh process, slic- 
ing this ingot, and then mirror polishing the slice. 
[0094] The SIC substrates 2 were all p-type, the ef- 
fective acceptor density determined from the capacity- 
voltage characteristics of a Schottky ban^ier was 2 x 
IO"*® cm'3 to 5 X IO""® cm-3, and the thickness was 320 
to 340 |im. A boron-doped p-type SiC layer was epitax- 
ially grown by CVD on these SIC substrates 2. 
[0095] First, the buffer layer 4 was formed in a total 
thickness of approximately 1 .6 ^m, by approximately 0.4 
\irn for each layer while the acceptor density was varied 
in steps from 8 x iC^cm^tol x 1 0"" 6 cm-3, after which 
a high-purity p-type SiC layer, the active layer 6, was 
formed. The acceptor density of the - active layer 6 was 
5 X 10^5 cm-3 and the thickness was 5 \im. The main 
growth conditions here are given below. 

Buffer layer: 

SiH4flux: 0.30 seem 

C3H8 flux: 0.20 seem 

B2H6 flux: 8 X 10-5 to 7 X lO'^ seem 

H2 flux: 3.0 sIm 

substrate temperature: 1500*^0 
growth time: 70 minutes 

Active layer: 

SIH4 flux: 0.48 seem 

CsHg flux: 0.64 seem 

BgHg flux; 4 X 10"® to 9 X IQ-s seem 

H2 flux: 3.0 sIm 

substrate temperature: ISOO^'C 
growth time: 120 minutes 

[0096] In order to form source and drain regions, the 
SIC wafers produced above were then subjected to ni- 
trogen (N) Ion Implantation to form low-resistance n-type 
regions 22 and 24. The nitrogen ions were implanted in 
four steps, comprising 140 keV, 80 keV, 50 keV, and 25 
keV, for a total dose of 8 x 10">4 cm-2. 
[0097] The ion Implantation was performed at room 
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temperature, and the heat treatment for implanted ion 
activation was conducted for 30 nninutes at ISSO^'C in 
an argon gas atmosphere. An insulation layer 26 (gate 
oxide film) was then formed over the SiC wafer 1 by dry 
oxidation. When the SiC (0001) off substrate was used. 5 
the oxidation conditions comprised 3 hours at 1150°C, 
but with the SiC {03-38} sample, only 1 hour at 11 SO^'C. 
The thickness of the insulation layer 26 was 35 to 46 nm. 
[0098] Next, a source electrode 28 and a drain elec- 
trode 30 were formed on the n-type regions 22 and 24, io 
respectively. Aluminum/titanium (250 nm Al, 30 nm Ti) 
was used for the source electrode 28 and drain elec- 
trode 30, and these were heat treated for 60 minutes at 
SOC'C. An aluminum gate electrode 32 (200 nm thick) 
was formed over the insulation layer 26, after which a is 
heat treatment was performed for 10 minutes at 45Q°C 
in forming gas (H2/N2). Photolithography was used to 
pattern the electrode metal and the selective Ion Implan- 
tation mask. 

[0099] The channel length of the MOSFET 20 was 30 20 
|im, and the channel width was 200 \im. As to the direc- 
tion of drain cu7rent"flow, when a "MOSFET was pro- 
duced on a 4H-SiC (0001) 8-degrees off substrate, the 
crystal plane orientation was taken into account and the 
drain current was set to flow in the <11 -20> direction or 25 
the <1-100> direction. When MOSFET was produced 
on a 4H-SiC {03-38} plane, the drain current was set to 
flow in the <11-20> direction or the <03-316> direction. 
The anisotropy of channel mobility was also examined. 
[0100] Fig. 10 is a graph of the typical drain charac- 30 
teristics of the MOSFET produced above. These are the 
characteristics of a MOSFET featuring an active layer 
grown over a 4H-SiC (03-38) substrate, in which the 
channel is parallel to the <11-20> axis. A linear region 
and a saturated region are clearly seen, and this MOS- 35 
FET operates well as a normally-off MOSFET that 
switches off at a zero gate bias. FET operation was con- 
firmed for all the MOSFETs in which other samples were 
used, but differences were noted in the channel mobility 
or threshold voltage. 40 
[0101] Fig. 11 shows the average values for effective 
channel mobility determined from the linear region for 
each MOSFET. Channel mobility was measured by 
evaluating at least six MOSFETs for each sample, and 
taking the average thereof. As can be seen from Fig. 11, 45 
the channel mobility was far higher with all of the MOS- 
FETs produced on the 4H-SiC (03-38) substrate and the 
4H-SiC (0-33-8) substrate than with the MOSFETs pro- 
duced on the 4H-SiC (0001) 8-degrees off substrate. 
[0102] For instance, if we compare channel mobility so 
in the <11-20> direction, we see that it is 4.8 cm^A/s with 
a MOSFET produced on a (0001) 8-degrees off sub- 
strate, whereas it is 93 cm^/\fs with the (03-38) substrate 
and 96 cm^A/s with the (0-33-8) substrate, both of which 
are extremely high channel mobility values. ss 
[0103] The reason for this seems to be that surface 
roughness caused by step bunching is reduced by the 
active layer 6 on the {03-38} substrate, yielding an ex- 



tremely flat MOS interface, and scattering that would 
othenAfise be caused by surface roughness is in turn re- 
duced. Furthemnore, a comparison of a (0001) substrate 
with a {03-38} substrate reveals that there are fewer SiC 
bonds per unit of surface area in the {03-38} plane, so 
the interface level density formed at the MOS interface 
when an oxide film is produced is tower in the {03-38} 
plane, it can also be seen from Fig. 11 that the anisot- 
ropy in channel mobility is low. 

[0104] The above results indicate that channel mobil- 
ity will be high and anisotropy low with a MOSFET pro- 
duced on a 4H-SiC {03-38} substrate, so the use of this 
substrate is effective in the production of high perform- 
ance MOSFETs, IGBTs (Insulated Gate Bipolar Transis- 
tors), MOS gate thyristors, and so forth. 
[0105] The insulation layer 26 used for a gate elec- 
trode was formed above by themnal oxidation, but the 
use of 4H-SiC {03-38} is also effective when an Si02 
film is deposited by CVD. Also, a reverse MOSFET was 
produced here in order to examine the characteristics 
at the MOS interface, but since good oxide filnn/SiC in- 
terface characteristics are " obtained ' when 4H-SiC 
{03-38} is used, it can also be applied to the production 
of other devices. For instance, when thermal oxidation 
or chemical vapor deposition is used to form a surface 
protection film for a SIC semiconductor device iniwhich 
the first layer is an oxide film, the resulting interface 
characteristics will be extremely stable and theicarrier 
generation rate at the interface will be low. 

Industrial Applicability 

[0106] As described above, the SiC wafer SiC semi- 
conductor device, and SiC wafer manufacturing method 
pertaining to the present invention can be applied as a 
SiC wafer, etc., with which there is little anisotropy in 
electron mobility in the case of use as a semiconductor 
device, and there is less strain caused by lattice mis- 
matching between the SiC substrate and the SiO epi- 
taxial growth layer. 

[01 07] More specifically, Using a SiC substrate whose 
crystal plane orientation is substantially {03-38} reduces 
the number of micropipes and screw dislocations that 
pass through and are exposed on the surface, and also 
reduces the Incidence of stacking faults and the surface 
exposure thereof. Furthermore, using a 4H polytype 
substrate lowers the anisotropy of electron mobility in 
the active layer grown over the SiC wafer. Because a 
buffer layer composed of SiC is formed over the SiC 
substrate, when a SiC active layer is grown on the wafer, 
it is possible to prevent strain from occurring in the SiC 
active layer as a result of lattice mismatching between 
the SiC substrate and the SiC active layer. 
[0108] Using the above-mentioned SiC wafer makes 
it possible to produce many different types of SiC sem- 
iconductor device, such as power devices with extreme- 
ly high performance, high efficiency, and high voltage 
resistance, high frequency power devices, and high 
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Claims 

1 . A SiC wafer, comprising: 

a 4H polytype SiC substrate In which the crystal 
plane orientation is substantially {03-38}; and 
a buffer layer composed of SiC formed over 
said SiC substrate. 

2. The SiC wafer according to Claim 1, wherein the 
thickness of said buffer layer is at least 0.1 ^.m but 
no more than 15 pjn. 

3. The SIC wafer according to Claim 1 or 2, wherein 
said buffer layer contains at least one impurity from 
among nitrogen, phosphorus, aluminum, and bo- 
ron, and 

the density of the impurity In said buffer layer 
Is at least 2x1 O^s cm-^ but no more than 3 x 1 0^9 
cm"3. 



22 

7. having an oxide film formed by thennal oxidation 
or chemical vapor deposition as part of a surface 
protection film. 

5 12. A method for manufacturing a SiC wafer, wherein a 
buffer layer composed of SIC is grown over a 4H 
polytype SiC substrate In which the crystal plane 
orientation Is substantially {03-38}. 

10 13. The method for manufacturing a SiC wafer accord- 
ing to Claim 12, wherein an active layer composed 
of SIC Is further grown over said buffer layer 
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4. The SiC wafer according to Claim 3, wherein the 25 
density of the Impurity in said buffer layer is lower 
than the density of the Impurity in said SiC sub- 
strate. 



5. The SiC wafer according to any of Claims 1 to 4, 30 
further comprising an active layer composed of SiC 
over said buffer layer. 



6. The SiC wafer according to Claim 5, wherein the 
density of the impurity In said buffer layer decreases 35 
from the interface with said SiC substrate toward 

the interface with said active layer composed of 
SiC. 



7. A SIC semiconductor device, comprising the SiC 40 
wafer according to Claim 5 or 6. 

8. The SiC semiconductor device according to Claim 
7, wherein a metal layer is provided on the surface 
of said active layer composed of SIC, and a 
Schottky barrier is formed by said active layer and 
said metal layer 

9. The SIC semiconductor device according to Claim 

7, having a pn junction formed by epitaxial growth so 
or ion implantation. 

10. The SiC semiconductor device according to Claim 
7, having an oxide fllmfomned by thermal oxidation 

or chemical vapor deposition as a gate insulation 55 

film. 



11. The SiC semiconductor device according to Claim 
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Fig.1 



SiC ACTIVE LAYER 



SIC BUFFER LAYER 



4H-SiC (03-38) SUBSTRATE 
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